Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number. )O 3 -PbTiO 3 (PIN-PMN-PT) single crystals was measured using a four point bending apparatus with a longitudinal electric field applied to the bar during bending. The surface finish and electric field amplitude were observed to affect the bending strength. Polished surfaces improve the tensile strength, while also polishing the edges resulted in a significantly larger increase in strength. Application of a DC electric field in the polarization direction during the tests reduced the strength. The four point bending apparatus also produces both tensile and compressive stress-strain curves for the material. Uniaxial compressive loading with an electric field in the [001] direction was carried out to compare the stress versus strain behavior measured in bending with that measured in uniaxial compression. Although the uniaxial compression behavior displays effects of a rhombohedral to orthorhombic phase transformation, this behavior is not observed on the compressive side in the bend bars.
Introduction
Pb(In 1/2 Nb 1/2 )O 3 -Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 (PIN-PMN-PT) is under development to increase the phase stability and temperature range of relaxor rhombohedral single crystals. Results reported in the literature indicate that certain compositions are piezoelectric over a broader range of temperatures than Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 (PMN-PT) single crystals [1] [2] [3] [4] [5] [6] . This work focuses on the mechanical properties of the PIN-PMN-PT crystals and presents the results of bend testing of PIN-PMN-PT single crystal bars with longitudinal electric field loading during the bending. Although the main purpose of the tests was to identify the effect of an electric field on the tensile strength of the bars, the approach also produced tensile and compressive stress-strain curves. Rather unexpectedly, the nonlinear behavior associated with a compressive stress induced rhombohedral to orthorhombic phase transformation that occurs under uniaxial compression was missing. This observed stress-strain behavior as well as a proposed explanation for the suppression of the phase transformation are presented.
Fracture behavior of ferroelectric materials is well known to be affected by the polarization state of the material. Many authors have reported the effect of polarization on Vicker's indentations, with indentation cracks growing larger perpendicular to the polarization direction. Roedel et al [7] [8] [9] [10] and other authors [11, 12] have performed experimental fracture mechanics as a function of polarization direction on ferroelectric specimens and found that the polarization direction affects the fracture properties. This includes compact tension specimens to obtain the effect of polarization direction on fracture toughness and the use of bend bars to study Rcurves and to study v-K behavior [13] [14] [15] [16] . Other authors also reported fracture testing as a function of polarization direction [12, 17] .
There have been a few fracture experiments done with simultaneous electrical and mechanical loading. Double torsion was used by Koepke et al [18] and the electric field was shown to change the direction of crack propagation. Several papers [19] [20] [21] [22] reported the fracture behavior of ferroelectrics subjected to the mechanical loading and transverse electric field. Su et al [23] conducted fracture tests under tensile loading and longitudinal electric field. In all cases, the largest effect of polarization on fracture behavior appears to occur when the crack plane is perpendicular to the polarization. Compression testing of ferroelectric materials with concurrent electric field loading has been used to characterize the constitutive behavior of a number of ferroelectric materials. Early work of Lynch et al [24] presented the uniaxial stressstrain-electric field behavior of lead lanthanum zirconate titanate (8/ 
Experiments

Specimen preparation
The Bridgman growth technique was used to produce a large PIN-PMN-PT single crystal boule. The orientation of the crystal was determined using an x-ray diffraction system and crystals were cut into bend bars with the [001], [010] , and [100] axes oriented with the length, depth and width of the bars. Two different sets of single crystal bars were produced for testing. Dimensions of the first set of bars were 25 mm × 3 mm × 4 mm and dimensions of the second set were 18 mm × 3 mm × 4 mm. Growing the crystals is a time consuming process and obtaining large numbers of bars 25 mm in length turned out to be problematic. The second set of bars was shorter in order to reduce the amount of single crystal material that was used in each test. Bars were cut and polished, and then subjected to bending with and without electric field. The first set of bars had the four larger surfaces polished to a mirror finish, but some small chipping was apparent at the edges as seen in figure 1(a) . The second set of bars had the large surfaces polished to a mirror finish, but also had the edges polished. Figure 1(b) shows that the edge chipping was reduced. Wires were attached to the 3 mm × 4 mm surfaces of the polished bars using silver epoxy.
A total of ten specimens were tested, five without edges polished and five with edges polished. Table 1 lists the specimen numbers and the dimensions. Strain gages were mounted to the center of the span on each of the two 4 mm × 25 mm or 4 mm × 18 mm surfaces. These were used to monitor the tensile and compressive strain during the tests. Table 1 also includes the peak loads and electric fields applied to each bar. The applied electric field on the first set of bars was 0.73 MV m −1 . On the second of bars, the electric field was reduced to 0.5 MV m −1 in order to avoid occasional electrical arcing that destroyed specimens.
A 4 mm × 4 mm × 12 mm single crystal PIN-PMN-PT specimen was produced for compression testing with electric field. Strain gages were mounted at the center of two opposing 4 mm × 12 mm surfaces so that longitudinal strain could be measured. The specimen surfaces were not polished. The specimen was baked overnight in a 30
• C oven prior to loading.
Properties of PIN-PMN-PT
The composition of xPIN-(1-x-y)PMN-yPT is not accurately known for the bars provided and thus is not reported in this work. The composition is rhombohedral and near the rhombohedral to orthorhombic morphotropic phase boundary. Measurements of the physical properties are reported.
Ferroelectric properties.
A modified SawyerTower circuit with a [001] oriented PIN-PMN-PT crystal (3 mm × 4 mm × 6 mm) was used to measure the electric displacement versus electric field (D-E) loop (figure 2) and strain versus electric field (ε-E) loop (figure 3). The coercive field E c was found to be 0.4 MV m −1 and the remanent polarization P r was 0.27 C m −2 . Figure 
Dielectric constant and loss.
Dielectric properties of PIN-PMN-PT crystals were measured using HP 4284A LCR meter under multiple frequencies. The dimension of the specimen 3 mm × 4 mm × 1 mm and the poling direction was along the thickness (001) orientation. The relative dielectric constant at the frequency 1 kHz was 1500 and the loss was 0.04. 
Experimental arrangement 2.3.1. Four point bending and associated calculations.
The four point bending system is a modification of a device originally developed by Aulbach and Roedel at TUDarmstadt [7] . The original device utilized a piezoelectric stack actuator to apply load in displacement control. Attention was paid to developing a high stiffness device so that the fracture of brittle materials could be studied under displacement control conditions. The stack actuator in that device did not give sufficient displacement for higher strength and higher compliance specimens, so it was replaced with a highly geared down DC motor in a design that maintained the high stiffness. A schematic of the loading system is shown in figure 4 (a). A photograph of the device is shown in figure 4(b) . The longer specimens were tested in a device with an inner span of 10 mm and an outer span of 20 mm. The shorter specimens were tested in a device with an inner span of 6 mm and an outer span of 12 mm. The load cell presses upward on an aluminum oxide block that pushes on the lower rollers. These press on the bottom of the bar being loaded. The upper rollers are constrained by the frame. Wires coming out the sides are used to apply the electric field to the specimen. The apparatus is inverted and placed in an oil bath during testing with the electric field.
Nonlinearities in bending experiments require the use of nonlinear equations found in a textbook by Nadai [30] and first applied to ferroelectric materials by Fett [31] [32] [33] . The results of the work reported here displayed linear material behavior and thus the equations of beam theory were applied. Equation (1) was used to calculate stress σ on the top and bottom of bars.
where M is the bending moment, c is the distance from neutral axis to the outer surface of the bar where maximum stress occurs and I is the area moment of inertia of the cross section. The bending moment was calculated using equation (2)
where P is the load that is applied to the bars and s is the distance between outer and inner rollers (see figure 4(a) ).
During the test, the data from the load cell and the Wheatstone bridge strain gage amplifier were recorded. Equation (3) was applied to calculate the load P on the bars.
where L o is the voltage output from the load cell, g is 9.8 m s
and load cell factor is 1/0.105 kg V −1 . Equation (4) was applied to covert the signal output from the Vishay strain gage amplifier into microstrain.
where S o is the voltage output from the strain gage amplifier, F g is strain gage factor, 2.030.
2.3.2.
Uniaxial compression with electric field. The compression with electric field measurements were performed using a system located at NUWC Division Newport, similar to the arrangement described in [26] . This system applies concurrent electric field and uniaxial mechanical load to electroactive materials.
Electric field and stress were introduced via the electrodes on the two 4 mm × 4 mm faces of the specimen. Two strain gages were attached in series and the strain measurements were averaged between the two sides to eliminate possible effects from bending moments on the sample. The load frame provided load control in the longitudinal direction so that the specimen was free to move under constant uniaxial stress when the electric field was varied. The stress, strain, electric field, and polarization data were low-pass filtered and recorded through a four channel data acquisition board. A diagram of the experimental arrangement is shown in figure 5 . Figure 5 . A sketch of the experimental arrangement for concurrent uniaxial compressive stress and electric field loading. Electrical and mechanical loads were applied to the two 4 mm × 4 mm faces. Two strain gages were mounted at the center of two opposing 4 mm × 12 mm faces to measure strain along the length of the specimen.
Experimental results
Bend bar results
In the first set of PIN-PMN-PT crystals, three specimens were tested under bending to failure. The peak stress level at the fracture point ranged from 21 to 26 MPa. Two additional specimens were first subjected to a small mechanical preload followed by an electric field of 0.73 MV m −1 and then mechanical loading to failure. The peak stresses were 18.5 and 13.5 MPa.
In the second set of crystals, three specimens were subjected to bending stress until failure. The peak stress level at the fracture point ranged from 48 to 85 MPa. Two specimens were subjected to a small mechanical preload followed by an electric field of 0.5 MV m −1 and then mechanical loading to failure. The peak stresses were 42 and 47 MPa.
The measured stress-strain curves presented below do not show error bars. The error in the instrumentation is less than 1% and error bars would be about the same size as the data markers. Figure 6 shows the measured tensile and compressive stress and strain curves from a crystal under bending stress with no electric field. The behavior is linear and symmetric in tension and compression. The peak stress and strain at the fracture point were 70 MPa and 2100 με for this specimen. Figure 7 shows the measured tensile and compressive stress and strain behavior for a crystal with a bias electric field applied. A small preload of 3 MPa was applied to the specimen and the tensile and compressive stress and strain relation exhibited linear behavior. Next an electric field of 0.5 MV m −1 was applied. The tensile and compressive strain both increased (bar extension) with the electric field increasing. Note that the tensile side of the bar elongated more than the compressive side of the bar. The application of electric field in the presence of a small bending moment increased the curvature of the bar. Finally, mechanical loading was applied until the specimen failed. The crystal displayed linear behavior during the mechanical loading. The peak stress at the fracture point was 42 MPa. The tensile strain and compressive strain at the fracture point were 1800 and −580 με. The tensile strain was larger than the compressive strain since the electric field caused the extension of the crystal along the longitudinal direction. The decrease of stress as the electric field was applied was due to the reduction in cross sectional dimensions perpendicular to the electric field associated with d 31 , and the stiff loading apparatus.
Compression with electric field results
Data was recorded for stress driven strain at several different constant bias electric field levels at room temperature. Table 2 defines the test parameters. The stress cycle consisted of one half of a triangle wave from a load of −0.63-68.75 MPa and back with a loading rate of 10 N s −1 . Figure 8 shows plots of the results of the compression with electric field experiment. At zero electric field, there is a strong nonlinearity at around 40 MPa. This nonlinearity decreases as the electric field is increased. At 0.2 MV m −1 , the nonlinearity is almost absent in the mechanical loading range. Figure 9 shows a bar chart of the specimen failure strength sorted in ascending order. The electric field is shown on the same plot to indicate which specimens had an electric field applied. The first five specimens without polished edges displayed the lowest tensile strength. The average strength of the polished specimens was more than two times that of the unpolished specimens. The electric field consistently reduced the strength of both sets of bars. The behavior of the material in compression under bending load and under uniaxial load was considerably different. In bending the compressive stress versus strain behavior was linear whereas in uniaxial compression there was a distinct nonlinearity associated with a phase transformation from rhombohedral to orthorhombic symmetry. It appears that the suppression of the phase transformation in bending is the result of constraints placed on the bars by the bending geometry. These constraints occur from both the depth of the specimen and from strain gradients through the thickness of the specimen.
Discussion
The stress field in the four point bending geometry is depicted in figure 10 . This geometry results in tensile stress at the top and compressive stress at the bottom of the bar as shown. When the material at the top of the bar is elongated by the tensile stress, there must be an associated out of plane contraction associated with the Poisson's ratio. Similarly, on the compressive side of the bar there must be an out of plane expansion. This leads to an anticlastic shape of the cross section. Thin plates in bending have a 'snap through behavior' at a critical strain level that changes the deformation from the initial anticlastic shape (potato chip) to a uniform strain through the thickness. This is typically zero strain in the out of plane direction in a linear elastic deformation. Many of the bars had both longitudinal and transverse strain gages on the top and bottom surfaces. These strain gages indicated an out of plane Poisson's ratio contraction on the top surface and out of plane expansion on the bottom surface that is consistent with the beam theory analysis. This is also indicative of a state of uniaxial stress at both the top and bottom surfaces, so one would expect a phase transformation at the same stress level in both the bending and the uniaxial compression tests. Attention is now turned to possible effects of the crystal structure interacting with the geometry that may induce constraints on the phase transformation in bending. PIN-PMN-PT single crystals have a rhombohedral structure. The [001] cut crystal has eight possible rhombohedral variants as depicted in figure 11 (a). After poling with an electric field along the length of the bar in the [001] direction, four of the crystal variants are populated ( figure 11(b) ). Large electric field loading in the [001] direction in PMN-32%PT crystals results in a rhombohedral to tetragonal phase transformation with a large elongational strain ( figure 11(c) ). Compressive loading in the [001] direction results in a rhombohedral to orthorhombic phase transformation with a large associated contractional strain ( figure 11(d) ). This is similar to the behavior of PMN-PT single crystals [26, 28] and the previously measured field driven phase transformation behavior of PIN-PMN-PT single crystals [29] under combined electric field and stress. Based on the compression data at zero electric field, a rhombohedral to orthorhombic phase transformation was expected to occur on the compression side of the bend bar once the stress exceeded 40 MPa. However, this behavior was not observed during any of the bending tests.
The compressive stress induced phase transformation depicted in figure 11(d) Since the crystals are brittle oxide materials, their strength is governed by fracture mechanics. The largest crack-like flaw governs failure in tension. Equation (5) gives the relationship between fracture toughness and failure stress σ ∞ for a Mode I crack in an elastic material.
where K Ic is the mode I fracture toughness, f is a factor that depends on crack geometry and is typically around one, and a is the crack length. This equation indicates that as the flaw sizes in the specimen are reduced through polishing, the tensile strength goes up. This is consistent with the observed increase of tensile strength when the edges of the bars were polished, reducing the size of the initial crack-like flaws in the specimens. The electric field across the flaws decreases the fracture toughness. In these experiments the flaws are not controlled, making it difficult to discuss the electric field contributions to fracture quantitatively.
Conclusions
Two sets of bars were produced for bending with and without electric field. One set had the large surfaces polished and the second set had the edges polished as well. Polishing the edges reduced the size of the surface flaws present and thus increased the failure strength. Application of an electric field interacted with the surface flaws and reduced the failure strength. Although insufficient tests were run to enable a more detailed statistical analysis of the results, the effects were quite large. Polishing can increase the strength of the bars by a factor of two or more and an electric field can reduce the strength by a similar factor. The constraint of the phase transformation by the bending geometry was not anticipated and has ramifications for possible transformation toughening associated with domain switching or phase transformations in the region near a crack tip. The crack tip region is typically in a state of plane strain with a high degree of geometric constraint on the out of plane deformation except very near the location where the crack intersects the surface. The results of this work suggest that there will be little or no transformation toughening of the cracks that lead to failure. It is possible that rotating the crystal cut of the beam 45
• about its long axis so that the [011] orientations are aligned perpendicular to the compressive stress direction would remove the geometric constraint and allow the transformation to take place at both the tensile and the compressive surfaces. If this is the case, there may also be an orientation dependent component of transformation toughening. These are topics for future investigation.
